Genome-wide association studies (GWAS), although efficient to detect genes involved in complex diseases, are not designed to measure the real effect of the genes. This is illustrated here by the example of IL2RA in multiple sclerosis (MS). Association between IL2RA and MS is clearly established, although the functional variation is still unknown: the effect of IL2RA might be better described by several SNPs than by a single one. This study investigates whether a pair of SNPs better explains the observed linkage and association data than a single SNP. In total, 522 trio families and 244 affected sib-pairs were typed for 26 IL2RA SNPs. For each SNP and pairs of SNPs, the phased genotypes of patients and controls were compared to determine the SNP set offering the best risk discrimination. Consistency between the genotype risks provided by the retained set and the identical by descent allele sharing in affected sib-pairs was assessed. After controlling for multiple testing, the set of SNPs rs2256774 and rs3118470, provides the best discrimination between the case and control genotype distributions (P-corrected¼0.009). The relative risk between the least and most at-risk genotypes is 3.54 with a 95% confidence interval of [2.14-5.94]. Furthermore, the linkage information provided by the allele sharing between affected sibs is consistent with the retained set (P¼0.80) but rejects the SNP reported in the literature (P¼0.006). Establishing a valid modeling of a disease gene is essential to test its potential interaction with other genes and to reconstruct the pathophysiological pathways.
INTRODUCTION
The IL2RA gene is important in immune regulation and was considered a very good candidate for autoimmunity since Sharfe et al 1 described a severe immune disorder in a patient with a mutation in this gene. Analysis of this patient suggested that expression of the IL-2R a chain is necessary not only for the functional responses of mature T cells but also for autoreactive T lymphocytes, in preventing their generation and/or controlling their activity. Evidence for an association between IL2RA and type 1 diabetes (T1D) was then shown by Vella et al 2 through the analysis of 20 IL2RA tag SNPs in a large case-control and family collection. It is now well established that the IL2RA gene is involved in the pathophysiology of several autoimmune diseases: multiple sclerosis, T1D, systemic lupus erythematosus, Graves' disease and ANCA-associated vasculitis. 3 For multiple sclerosis (MS), the association with IL2RA was first suggested by Matesanz et al 4 who compared the genotypes of 346 MS patients versus 413 controls for four SNPs in this gene. The association was clearly established in the genome-wide study carried out by the International Multiple Sclerosis Genetics Consortium 5 on large UK and US collections. It was then replicated in several other populations of Caucasian origin. [6] [7] [8] [9] IL2RA was, before confirmation of its involvement on large samples, a very good candidate gene and is a perfect illustration of Peltonen's 'old suspect found guilty' . 10 Association between IL2RA and MS was consistently reflected by the SNPs rs2104286 and rs12722489, located within the first intron of the gene. Analysis of these two SNPs in 15 Caucasian populations (totaling 11 019 unrelated cases, 13 616 controls and 2811 trios) did not show any heterogeneous effect across populations. 11 The authors concluded that the association observed with rs12722489 was a result of its linkage disequilibrium with rs2104286, although rs2104286 is probably not directly involved in the disease process.
Several other studies focusing on IL2RA and testing several SNPs in this gene also concluded to an association of MS with rs2104286. 12, 13 Moreover, functional studies showed that rs2104286 was associated with differences in surface expression of level proteins, 13 and in levels of a soluble form of IL-2 receptors. 14, 15 However, when an association signal has been obtained on a SNP, there is still a long way before identifying the causal variants, and deciphering their mode of action and their connection with the other pieces of the pathway. 16, 17 This is well illustrated by the HLA story. Although association between the MHC region and many diseases was identified almost 40 years ago, 18 for most of those diseases, there is still no clear understanding of the functional variation involved in the pathological process. For MS although HLA-DRB1*1501 is the most strongly associated susceptibility allele in many populations, the differential of risk cannot be summarized by a single allele, or even a single haplotype. 19 This is also clearly demonstrated in celiac disease with the major role of a DQA-DQB heterodimer encoded in cis or trans 20 and in rheumatoid arthritis with the involvement of several amino acids. 21 This complexity is certainly not restricted to the MHC but also to the other susceptibility genes. Some studies already suggested that the role of IL2RA is better captured by several SNPs rather than a single one. 22, 23 The contrast between cases and controls is a good tool for the estimation of the genotype relative risks (GRRs). However, when the observed marker is not the actual causal variant, but is in disequilibrium with it, the marker genotype relative risks give a distorted image of the 'true' GRRs, that is, those associated with the genotypes for causal variation. Other sources of information must be used and can be crucial in assessing the real effect of the unobserved causal variant. 24 In particular, in a candidate gene study, the familial data provide complementary information to the one of cases-controls. [25] [26] [27] [28] [29] In rheumatoid arthritis, the parental allele sharing of affected sibs clearly demonstrated that individuals were misclassified in terms of risks when using only the information provided by association studies on HLA and PTPN22. 30, 31 Our aim, here, is to show how combining the two sources of information, association and linkage, makes it possible to better measure the genetic effect of IL2RA in MS. This is accomplished through the use of trios and multiplex families from the collaboration of the Réseau Français de la Génétique de la Sclérose En Plaques (REFGENSEP) and the Canadian Collaborative Project on Genetic Susceptibility to MS (CCPGSMS) groups.
SUBJECTS AND METHODS Subjects
Patients, all of European descent, either belonged to 523 trio families (one affected child with two living parents) or to 245 multiplex families (at least two affected sibs, with or without living parents, and with or without unaffected siblings). Trio family samples were collected through REFGENSEP, whereas samples for multiplex families were obtained from both REFGENSEP and CCPGSMS. All patients were reviewed by a board-certified neurologist and diagnosed according to the criteria of Poser et al. 32 Only patients diagnosed with definite MS were included. A total of 3226 individuals were available for typing, including 768 index cases, defined as the affected child in trio families, and as one random affected child in multiplex families. All individuals signed informed consent in accordance with the European Union and Country Laws and the Helsinki Convention.
TagSNP selection and genotyping
Genotypes for a set of 161 SNPs covering the IL2RA gene and its promoter region were extracted from the CEU population data from HapMap Release 22 (April 2007). TagSNPs were selected using Haploview v4.1 33 with the following constraints: pairwise tagging, MAF40.10 and r 2 o0.8. Twenty-six SNPs were retained following this process for typing in both sample sets (see Supplementary Table 1) .
Genotyping was performed in Munich and Oxford following the same procedure. Genotyping of SNPs was performed using the Sequenom Mass EXTEND protocol (www.sequenom.com). Only conservative and moderate genotyping calls were accepted in this study. Samples having aggressive or low probability quality genotypes were reanalysed. All genotypes were generated blind to pedigree structure and disease status of the individual.
Quality control, Mendelian checking and testing for homogeneity of the two sets of index cases, REFGENSEP and CCPGSMS, were performed using PLINK software. 34 
Statistical analysis
Our objective is to better model the role of IL2RA in MS by finding the set of SNPs that offers the best discrimination in terms of genetic risk between patients and controls and that is compatible with the allele sharing observed in pairs of affected sibs. This is carried out in three steps:
(1) In the first step, the SNP set that most significantly distinguish the phased genotypes of index cases and controls is searched. (2) The second step consists in calculating the GRR of each phased genotype at the SNP set. The values of the GRR and the allele/haplotype frequencies provide a genetic model, which must be consistent with the other information available from the data. (3) In the third step, the allele sharing distributions in sib-pairs expected under the genetic model determined in step 2 is computed, conditional to the index patient genotype. The observed distributions are compared with the expected ones, in order to test whether the genetic model correctly predicts the sib-pair allele sharing.
These three steps are detailed below. The full procedure was also applied to the SNP of the literature.
SNP-set selection. In this first step, the phased genotypes (diplotypes) of index cases and controls were compared for different SNP sets. Control diplotypes were constructed from the untransmitted parental haplotypes of trio families, assuming the Hardy-Weinberg equilibrium, as the untransmitted parental haplotypes of trio families have been shown to represent those of the general population. 35 All possible diplotypes of each index case and control were determined using our EMphase software. Similar to Clayton's program SNPHAP, 36 EMphase estimates haplotype frequencies using an EM algorithm to calculate maximum likelihood estimates. It also allows for missing genotypes. For each individual, EMphase provides the list of possible haplotype configurations together with their respective probabilities. In addition to the functionalities of SNPHAP, EMphase can also treat data from both unrelated individuals and trio families. The combination test 37 was used to determine the SNP sets significantly distinguishing the phased genotypes of index cases and controls. Briefly, the combination test consists in testing the contrast between case and controls diplotypes observed in all possible subsets of n SNPs, from one SNP (n possible subsets) to the n SNPs taken together. For a given subset, an association w 2 is calculated and its nominal P-value estimated by permuting case and control diplotypes. The global significance of the complete procedure, based on the minimum of all the P-values, is then assessed by permutation to alleviate the problems relating to multiple, non-independent tests. A full exploration of the 26 SNPs in IL2RA would require more than 63 million tests (2 26 -1 tests). Here, only sets of one or two SNPs were considered (351 subsets) in order to limit the number of tests. Note that finding that a pair of SNPs significantly discriminate cases and controls does not imply the absence of more complex relationships, which could have been evidenced if sets of more than two SNPs had been considered.
Genetic modeling. The genotype relative risks (GRR ij ) of phased genotypes G ij were obtained using Bayes' rule knowing the haplotype frequencies i and j for the set of SNPs given by the combination test, or the allele frequencies for the SNP of the literature. The genetic model corresponding to one SNP is described by two allele frequencies, and two GRRs for the three genotypes, with an arbitrary genotype taken as reference (GRR¼1). For a set of two SNPs, the genetic model is described by 4 haplotype frequencies, and 9 GRRs for the 10 phased genotypes, again with a GRR of 1 for the reference genotype.
Test of genetic model on affected sib pairs. For a genetic model described in terms of GRR ij and allele/haplotype frequency p i , it is possible to determine the expected number of alleles shared identical by descent (IBD) by the affected sib of a patient, conditional on the genotype of this patient (index patient). Details on the calculation are given in the Supplementary Appendix. Different models give different expectations, 25 which can then be compared with what is observed in the data to test whether a particular genetic model fits the sib-pair data or not.
In each affected sib-pair, one affected was considered as the index patient. The IBD status of each sib-pair (ie, the number n¼0, 1 or 2 of IBD shared parental alleles), was determined using Merlin. 38 Merlin computes the probability of each possible IBD state; if the probability of a state exceeds a threshold of 0.9, this state is assigned to the sib-pair.
Observed and expected IBD distribution conditional on each index genotype G ij was then compared using a w 2 -test. Index genotypes with similar risks were pooled in order to avoid small-expected cell sizes.
RESULTS
All SNPs had a genotyping rate greater than 98%. One REFGENSEP trio and one CCPGSMS multiplex family were excluded after detection of more than one Mendelian incompatibility. When only one incompatibility was detected, the entire family was considered unknown for that SNP. After quality control, 522 REFGENSEP trio families and 244 sib-pairs (143 CCPGSMS and 101 REFGENSEP) were retained for the analysis.
As there was no evidence for heterogeneity between the REFGEN-SEP and CCPGSMS index cases, the two sets were pooled. The sample consisted thus of 766 index case diplotypes and 522 control diplotypes derived from the untransmitted haplotypes identified in the trio families. The last two columns of Supplementary Table 1 report the minor allele frequencies observed in the 1044 untransmitted parental alleles (controls) and 1532 index alleles (cases).
All possible 351 combinations of up to 2 SNPs among the 26 genotyped SNPs were tested for association by the combination test.
The SNP reported in the literature, rs2104286 (G/A), shows nominal significance (P¼0.03), but is not significant once corrected for multiple testing. The relative risk between the lowest (GG) and highest-risk genotype (AA) is 1.56 (Table 1 ). This value is close to that reported in the IMSGC meta-analysis 11 of 1.48 with a 95% confidence interval of (1.32-1.64).
A single set of two SNPs, rs2256774 (G/A) and rs3118470 (C/T) was found to be significantly associated after correction for multiple testing (P-corrected¼0.009; nominal P¼8.10 À5 ). Taken individually, rs3118470 is found to be nominally associated (P¼0.002), whereas rs2256774 is not (P¼0.57). However, the combined presence of rs2256774 and rs3118470 strongly reinforces the signal for association of rs3118470 with MS. The four possible haplotypes for these two SNPs and their frequencies in cases and controls are presented in Supplementary Table 2. Haplotype frequencies in controls were used to calculate the GRR and the 95% confidence interval of all possible diplotypes taking as reference the most frequent diplotype AT-GT (Table 2 ). There is a tendency, although not significant, given the small sample size, for carriers of rs2256774-A and rs3118470-T in trans (diplotype AC-GT) to be more at risk than cis carriers (diplotype AT-GC; P¼0.30). The AT-AT genotype has the smallest GRR (0.70), whereas two genotypes GC-GT and AC-AC have a high GRR of 2.80 and 2.37, respectively. The relative risk between the two most (GC-GT and AC-AC) and the least (AT-AT) at-risk genotypes is estimated to 3.54. The 95% confidence interval of this relative risk, obtained with a bootstrap procedure (10 6 replicates) is (2.14-5.94).
If a SNP or a set of SNPs correctly represents the IL2RA effect, it should be consistent with the linkage information, measured by the allele sharing between affected sibs. The expected distributions of the IBD allele sharing conditional on the index patient genotype are computed under the two genetic models, for the literature SNP, rs2102486, and the retained pair of SNPs, rs2256774 and rs3118470, respectively.
For SNP rs2102486, the rare genotype GG was pooled with the heterozygote AG. Thus, two IBD distributions are computed, one for the sibs of index patient AA, the other for the sibs of index patient GG or AG (Table 3 ). The IBD distribution computed on the GRR for rs2102486 is strongly rejected with P¼0.006 (w 2 ¼14.53 with 4 d.f.), showing that rs2102486 cannot explain the data observed at the linkage level.
For the pair of SNPs rs2256774 and rs3118470, the 10 genotypes were grouped in three classes, corresponding to GRR less than, close to, and greater than that of the reference genotype, leading to three IBD distributions according to the genotype of the index case (Table 4) . In contrast to the result obtained for rs2102486, the IBD distribution computed on the GRR for the combination of two SNPs fits the observations (w 2 ¼3.14, 6 d.f., P¼0.80).
DISCUSSION
The affected sib-pair data show that the SNP rs2104286, presented in the literature as the SNP the most strongly associated to MS, incorrectly represents the IL2RA effect. Contrarily, the 2-SNP model built on rs3118470-rs2256774 is consistent with our data. These two SNPs are in low LD both in the HapMap CEU data (r 2 ¼0.09) and in our data (r 2 ¼0.15). Interestingly, the SNP rs3118470 was found associated to T1D, 39, 40 and with different levels of expression of IL2RA in a functional study. 41 This SNP is also in strong LD with rs10795791 and rs4147359 (HapMap r 2 ¼0.93 and 0.72, respectively), which were shown to be associated both with MS and T1D. 12 Regarding rs2256774, it was found associated to higher levels of rubella antibody 42 and is in strong LD (HapMap r 2 ¼0.63) with rs11594656, which was shown to be correlated with IL2RA expression. 13, 15 These studies only considered single-SNP effect and did not take into account the genetic complexity of IL2RA effect. This complexity was underlined by Perera et al 23 reporting that SNP rs791589 remains associated after adjustment on rs210486. However, the SNP pair rs2104286-rs791589, as all SNP pairs containing rs2104286 (25 pairs in total), were tested with the combination test.
None were retained at the 5% significance level, after adjustment for multiple testing. Note also that rs3118470 and rs2256774 are in low LD with rs210486 (r 2 ¼0.11 and 0.19, respectively) and not in LD with rs791589. Our study illustrates that the strength of the association signal obtained for a SNP is not a direct measure of the gene effect. The more complex is the variability of the gene expression the less representative is the SNP signal. Indeed, a gene with a high capacity to differentiate genotypic risk may lead to these weak signals. This is well illustrated in the evaluation of the effect of PTPN22 in rheumatoid arthritis. 31 The differential risk was 2.7 for the most strongly associated SNP of PTPN22 but reached 4.7 for a combination of three SNPs in this gene. The IBD allele sharing between sibs was compatible with this classification of genotypic risks but not with that built on the most strongly associated SNP of PTPN22. Another illustration may be given on celiac disease for which the OR of the most strongly associated SNP in the HLA region is 7, 43 while it is equal to 25 when the two genes HLA-DQA1 and HLA-DQB1, which are likely to be functional, are considered simultaneously. 44 For IL2RA in MS, the relative risk between the least and most at-risk genotypes reported in the literature for the SNP rs2104286 is 1.48 (1.32-1.64), whereas it reaches 3.54 (2.14-5.94) for the joint information provided by SNPs rs2256774 and rs3118470.
Our study population may appear small compared with the populations used in genome-wide association studies (GWAS). However, our sample is large enough to show that rs2104286 poorly discriminates index cases and controls when compared with the pair of SNPs rs2256774-rs3118470. In addition, our 205 sib-pair sample is large enough to demonstrate that rs2104286 incorrectly represents the true effect of IL2RA. Presently, these two SNPs are the best markers of the true functional IL2RA variation, which probably still remains unobserved. They can prove to be of interest in the future, in particular to test for interaction with other genes or in functional studies. Increasing our sample size might reveal that a combination involving a greater number of SNPs is even better.
Genome-wide association studies are widely used tools for the analysis of multifactorial diseases. In MS, although many genes have been detected through this approach, our knowledge of MS genetics remains incomplete. 45 However, the missing information, often termed 'missing heritability' , is measured by using information on associated SNPs, which most often underrepresent the effect of the corresponding genes. Consequently, even if we are convinced that other susceptibility factors for MS remain to be detected, we also believe that a part of the missing information is due to a poor measure of the gene effect. Gene modeling requires adopting a true candidate gene strategy. Its success depends not only on the sample size but also on the type of information available. A good candidate strategy should also take advantage of linkage information. Indeed, when affected sibpair data are available, the observed IBD allele sharing distributions, conditional on the genotype of index patients, must be consistent with the expectations.
Several biological pathways linking the genes detected through GWAS are now proposed for MS susceptibility. 45 Establishing a good modeling and thus a good genotypic risk classification for each gene is an essential step before pathway reconstruction. In particular, the power of testing the potential interaction between two genes depends on the way the information is extracted for these genes. The apparent contradiction in the study of multifactorial diseases between the evidence for biological interaction between genes and the absence of statistical evidence is, in our view, a demonstration that the associated SNP poorly represents the gene effects. This also highlights the interest of linkage information in genetic model selection. Despite the spectacular success of large-scale association studies, the collection of familial data should not be neglected. Table 4 Observed and expected identity by descent distributions for  the SNPs rs2256774 and rs3118470   Genotype  IBD2  IBD1  IBD0 AT-AT, AC-GC, AT-GC 
